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Comparing multipurpose forest management with timber
management, incorporating timber, carbon and oxygen values:
A case study
EMIN ZEKI BASKENT, SEDAT KELES & HACI AHMET YOLASIGMAZ
Faculty of Forestry, Karadeniz Technical University, Trabzon, Turkey
Abstract
This paper comparatively examines two forest management planning approaches: multipurpose forest management and
traditional timber management, with carbon, timber and oxygen production objectives in mind. The effects of both
approaches on carbon and oxygen values were estimated with an oxygen and carbon flow matrix, while timber production
was modelled through a growth and yield model. The estimated values were simultaneously integrated into a linear
programming model developed for this study. The objective was to maximize the net present value (NPV) of the profits of
timber, oxygen and carbon under the constraints of an even flow of timber production and ending forest inventory for each
planning approach. The results showed that the ecological and environmental regulations in multipurpose management
substantially decreased the NPV of timber production even though they increased the NPV of carbon and oxygen flow. The
results also indicated that over a 100 year planning horizon the total NPV of all forest ecosystem values including carbon,
timber and oxygen is almost the same (only 1.9% reduction in multipurpose management approach) in both management
approaches. Although multipurpose management creates more NPV of carbon and oxygen than timber management does,
the latter provides better results in terms of timber production. It is therefore important to take into account the NPV of all
apparent and quantifiable forest values in preparing forest management plans, particularly in developing new management
planning approaches.
Keywords: Carbon sequestration, harvest scheduling, linear programming, multipurpose forest management planning, net
present value, oxygen production.
Introduction
The key point in the sustainable management of
forest ecosystems is to provide continuously as high
forest goods and services as possible over time
without jeopardizing ecological and environmental
quality. The well-being of society is strongly asso-
ciated with the existence and maintenance of healthy
forest ecosystem composition, diversity, structure
and function. As such, sustainable use of the natural
resources is necessary owing mainly to limited
natural resources and increasing demand based on
rapid growth of populations. The need to implement
the concept of sustainable forest management has
greatly affected conventional forest management
activities worldwide. For this reason, environmental,
economical and social concerns have become a focal
point of public interest in the sustainable manage-
ment of forest ecosystems. Specifically, the introduc-
tion of sustainable forest management principles has
certain implications on harvest scheduling in four
key areas: environmental protection, biodiversity
enhancement, economic viability and the social
function of the forest (Baskent et al., 2000; Baskent
& Jordan, 2002; Nieuwenhuis & Tiernan, 2005).
The ability to integrate them into forest management
planning poses a great challenge.
Recently, the role of forest ecosystems in global
warming or climate change has created great interest
in forestry research and development. Results have
shown that atmospheric carbon dioxide (CO2) is
increasing as a result of fossil fuel combustion and
the destruction of terrestrial vegetation. The pre-
servation of biological diversity and the maintenance
of other ecosystem values in living forests would help
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to minimize the atmospheric concentration of CO2
(Huston & Marland, 2003). Each country which
ratifies the Rio and Helsinki Conventions by looking
at the carbon sequestration potential of its own forest
ecosystems has to evaluate both the positive and
negative effects of forest regulation on greenhouse
gas emissions (UNFCCC, 1992; Anon., 2000). One
of the most important indicators determined in the
Helsinki Convention is the status of forest ecosys-
tems and their effects on the global carbon cycle
(UNFCCC, 1992; Anon., 2000).
Turkey was included in both the Pan-European
and Near East Region Conventions. Subject to the
accepted contracts, Turkey has to manage and plan
its forest resources in a sustainable way. The timber-
orientated forest management planning approach
used in the past has been under review and is now
about to be abandoned. However, a multipurpose
forest management approach based on ecosystem
integrity and timber production has recently been
considered a rational forest management philosophy
in Turkey. Forest values that are integrated into
forest management plans are timber production, soil
protection, water production, nature conservation
and recreation. Carbon storage and oxygen produc-
tion values of forest ecosystems are also important
goals, as are the other forest ecosystem values
required by the current Turkish Forest Laws. The
carbon value of forest ecosystems is one of the first
priority criteria, and thus, quantification of carbon
storage and oxygen production of Turkish forest
ecosystems for both coniferous and broadleaved
forests is underway in forest management regula-
tions.
Forest ecosystems produce large amounts of oxy-
gen, remove CO2 and improve air quality (Cardelino
& Chameides, 1990; Taha, 1996; Nowak & Crane,
2002; Nowak et al., 2006, 2007). Forests release
oxygen for people to breathe, in the process of
photosynthesis and respiration. Oxygen production
is one of many environmental benefits that forests
produce, and urban forests in particular can produce
a significant amount of oxygen. The absolute mag-
nitude of oxygen production by urban forest ecosys-
tems is over 2.5 times greater than for carbon
sequestration and 85 times greater than for air
pollution removal nationally (Nowak et al., 2002,
2007). The financial value of oxygen produced from
the urban forests of Bulgaria in 1982 is nearly three
to four times greater than the financial value of wood
products from the same forests (Asan et al., 2002).
As the world population increases and industry
grows dramatically, the importance of forest ecosys-
tems as an oxygen source becomes greater, particu-
larly in and around urban areas where the health of
people is directly affected by the quality of the air.
Because of decaying or declining forest ecosystems
and fossil fuel combustion, the oxygen content of the
atmosphere has been slowly declining in recent
years. If fossil fuels are used to maintain a forest
ecosystem, the net effect of forests and management
will be CO2 production and oxygen consumption. In
contrast, a growing forest will remove carbon and
produce oxygen. Thus, increasing forest ecosystems
and reducing fossil fuel use in the management of
forests reduce not only CO2, emissions, but also
oxygen consumption (Broecker, 1996; Nowak et al.,
2007). However, the interactions between oxygen
and timber production in forest management have
not been considered before. As such, there is a need
to accommodate the oxygen production value of
forest ecosystems in preparing forest management
plans.
Ecological and social concerns are generally un-
derstood to conflict with timber production. Incor-
porating these concerns into the forest management
planning process can reduce the income from timber
harvests (Baskent & Jordan, 1991; Eid et al., 2001,
2002; Diaz-Balteiro & Romero, 2003a; Zhou &
Gong, 2004; Nieuwenhuis & Tiernan, 2004). They
are, however, important for other services and
values, and can increase the income from other
forest values, such as water, recreation and carbon
sequestration. In recent years, the integration of
carbon sequestration in forests into forest manage-
ment planning models has been studied by some
researchers (Hoen & Solberg, 1994; Krcmar et al.,
2001, 2005; Diaz-Balteiro & Romero, 2003a; Ray-
mer et al., 2005; Backéus et al., 2005, 2006; Keles &
Baskent, 2007). A limited number of research
initiatives has presented quantitative estimates of
how environmentally orientated constraints may
influence timber production and other non-timber
forest values (Hynynen et al., 2004; Köchli & Brang,
2005; Seidl et al., 2007). Similarly, there is a limited
body of literature attempting to integrate both
carbon and oxygen into timber management (Keles
et al., 2007). A need, therefore, arises to consider the
carbon and oxygen values of forest ecosystems in
addition to timber production potentials in forest
management planning.
This study presents a multipurpose forest manage-
ment planning approach focusing on the interactions
of carbon, oxygen and timber production opportu-
nities in a typical forest ecosystem area. First, carbon
and oxygen production of forest ecosystems were
functionally linked to timber volumes of stands
to estimate these values, and incorporated into a
linear programming (LP)-based harvest scheduling
process. Secondly, two main management ap-
proaches were used: a multipurpose management
and a timber management with different objectives,


































constraints and regulations. Finally, the results are
presented and examined by the amounts and the net
present value (NPV) of forest ecosystem values, as
well as some forest performance indicators such as
standing timber volume and age class structure over
a planning horizon of 100 years.
Materials and methods
Case study area
The study area fully covers the Artvin Forest
Planning Unit in north-eastern Turkey, character-
ized by a high steep and rough terrain with an
average slope of 58% and an altitude from 200 to
2220 m. The study area covers 5175 ha and has
1,013,247 m3 of initial growing stock, and is thus
representative of planning units in Turkey. Of the
total area, 4167 ha is forested, comprising coniferous
trees (1868 ha), broadleaved trees (726 ha), coppice
(447 ha), open spaces (173 ha) and non-productive
areas (951 ha). The rest of the area is used for
agriculture and settlement land. The main tree
species are Picea orientalis (L.) Link (oriental
spruce), Abies nordmanniana (Stev.) Spach subsp.
nordmanniana (Nordmann fir), Pinus sylvestris L.
(Scots pine) and Fagus orientalis Lipsky (oriental
beech). The area has 119 compartments and 1254
subcompartments or stands, of which 1129 sub-
compartments are forested areas and subject to
management interventions. The study area and its
initial age class structure are illustrated in Figures 1
and 2, respectively. The area was selected for this
research because it surrounds the city of Artvin, and
is therefore important for carbon and oxygen pro-
duction in addition to timber production for the
people living in the city. In addition, several hydro-
electric power stations have been established within
the area, which also necessitates multipurpose plan-
ning of the area.
Determining forest values
Timber values. The timber value used here are
presented as the per-unit financial value of timber
multiplied by the amount of merchantable timber.
The volume of merchantable timber was calculated
by a timber growth and yield function. As the timber
growth and yield function depends on the species,
different timber growth and yield functions were
used for various species that exist in the case study
area. The equations used were taken from Ercanli
(2003) for P. orientalis, Carus (1999) for F. orientalis
and Anon. (1992) for P. sylvestris. Functions derived
for A. nordmanniana subsp. equi-trojani (Asan, 1984)
were used for A. nordmanniana subsp. nordmanni-
ana. Volumes of various product types (sawlogs,
mining pole, industrial wood and firewood) as a
result of clear-cutting and thinning at any age were
determined by product rates of stand age and mean
stand diameter of the relevant species (Sun et al.,
1977). Revenues and costs from timber were deter-
mined by the volume of various product types and
their associated values. All financial calculations
were discounted to today’s value (NPV) with a 3%
guiding interest rate, as generally applied to the
financial evaluation of forestry projects in Turkey
(Türker, 2000).
Carbon values. The net carbon sequestration of the
forest ecosystem is the difference between input to
the forest ecosystem (production or growth) and
output from the forest ecosystem (respiration, tim-
ber harvesting and decay loss to the atmosphere
from decomposing litter and soil organic matter in
the humus layer) (Pussinen et al., 1997). Hoen and
Solberg (1994) explain that forest production influ-
ences the flow of carbon by two processes, fixation
and emission. The former represents the biomass
growth in living trees due to photosynthesis, while
the latter represents the biomass decay of the wood
as a consequence of natural mortality and human-
related removals and end uses (wood products). In
this paper, carbon sequestration and oxygen pro-
duction for each subcompartment were estimated
separately. Net carbon sequestration in a forest
ecosystem is considered and calculated as the
difference between the carbon sequestered by the
biomass and the carbon emitted to the atmosphere
according to the different uses of the timber har-
vested. First, timber volume and increment of
conifers and hardwoods were calculated from a field
survey. Secondly, the total amount of carbon seques-
tered through photosynthesis was determined and
calculated. Thirdly, harvested timber volumes
(trees) were divided into wood product types deter-
mined by product rates of stand age and mean stand
diameter of the relevant species. To estimate the
carbon content of a forest, the carbon was assessed
to be sequestered in each period, including the
carbon due to the biomass growth as well as the
carbon retained in the products. The carbon emis-
sions were calculated by taking into account the
amount of wood products, the efficiency of the
transformation process and the lifetimes of each
final wood product. The decomposition of stumps
and roots was also included when calculating carbon
emissions from the forest ecosystem. Finally, the net
carbon sequestration in successive periods was
determined (Diaz-Balteiro & Romero, 2003a, 2003b;
Keles & Baskent, 2007; Keles et al., 2007).















































Figure 2. Initial age class distribution of Artvin forest planning unit in Turkey. NF  non-forest area.


































Biomass for each forest type was calculated with
allometric equations from the literature (Asan et al.,
2002; Yolasigmaz, 2004; Keles & Baskent, 2007). To
predict above-ground biomass, the timber volumes
of conifers and hardwoods were multiplied by
species-specific conversion factors, i.e. 1.25 for
hardwoods and 1.2 for conifers. Equations that
compute fresh-weight biomass were multiplied by
species-specific conversion factors to yield dry-
weight biomass. The conversion factors are 0.64
for hardwoods and 0.473 for conifers. The root
biomass was predicted as a proportion of the above-
ground biomass using given root-to-shoot ratios, i.e.
0.15 for hardwoods and 0.20 for conifers. Total dry
weight biomass of a tree was converted to total
stored carbon by multiplying by 0.45 (Asan et al.,
2002; Yolasigmaz, 2004; Keles & Baskent, 2007;
Keles et al., 2007).
The carbon emissions from various forest pro-
ducts were also estimated based on the lifetime of
wood products for each species. The decomposition
of stumps and roots was also included when calcu-
lating carbon emissions from the forest ecosystem.
While the decomposition speed depends highly on
the climate, site condition and tree species (Bateman
& Lovett, 2000; Seely et al., 2002; Brown, 2002;
Masera et al., 2003; Kaipainen et al., 2004), it was
assumed that stumps and roots decay completely
during one planning period (10 years) and that all
carbon from these is emitted to the atmosphere. The
lifetimes of wood products suggested in the literature
were used: 50 years for sawlogs, 40 years for mining
poles, 15 years for boards, and one period (10 years)
for firewood, bark and harvest residues (Strange et
al., 1999; Bateman & Lovett, 2000; Kaipainen et al.,
2004; Krcmar et al., 2005; Keles & Baskent, 2007).
Decomposition rates were computed according to
the methodology proposed by Masera et al. (2003):
Cpmt1Cpmt(1am) (1)
where Cpm is the carbon stored in a wood product m
at time t, and am is the annual decomposition rate of
product m.
This study is limited to above- and below-ground
carbon sequestration in forest timber biomass. The
biomass calculated includes only the biomass of trees
with diameter at breast height 8 cm. However,
carbon is stored in forests not only in the above- and
below-ground biomass of trees, but also in other
above-ground vegetation, litter and soil. Soils in
forest ecosystems have high carbon densities. Soil
carbon pools tend to be very stable over time, while
biomass can change dramatically depending on
stand parameters such as age and time since
disturbances. Forest soil carbon concentration and
stock can change depending on some factors such as
climate and land-use change. Furthermore, the total
biomass of other above-ground vegetation such as
bushes is difficult to calculate because they are highly
variable, depending especially on stand type and
their characteristics. Because of the uncertainty as
well as inaccurate information, carbon storage in the
litter, soil and the understorey was not included in
the model. The possible recycling of products was
not considered in the analysis owing to the lack of
reliable data on the current situation. In addition,
the decomposition of products prepared from wood
harvested earlier from the forest (before the first
planning period) was also omitted owing to a lack of
information on the amount of dead wood for the
initial period.
The value of carbon storage may be estimated as
the costs avoided as a result of climate changes, the
costs of reducing emissions and the charge on
emissions (Strange et al., 1999; Cannell, 1999;
Creedy & Wurszbacher, 2001; van Kooten et al.,
(2004). Unit monetary value of carbon per tonne in
this study was determined to be about US $20, as
suggested by Türker et al. (2002), according to
UN-ECE/FAO (2000)).
Oxygen values. Forest landscapes produce oxygen in
response to the consumption of CO2 as part of
photosynthesis. In this study, net oxygen production
by forest trees, which is based on the amount of
oxygen produced during photosynthesis minus the
amount of oxygen consumed during plant respira-
tion, was considered (Guo et al., 2001; Asan, 2002;
Nowak et al., 2007). First, the amounts of CO2
absorbed and oxygen released were determined
based on the formula when forests produce 1 t of
dry material. Next, the amounts of carbon fixed and
oxygen released by forests were calculated according
to the annual forestry production.
According to this explanation, if CO2 uptake
during photosynthesis exceeds CO2 release by re-
spiration during the year, forest ecosystems will
sequester carbon. Thus, forests that have a net
accumulation of carbon during a year also have a
net production of oxygen (Nowak et al., 2007). The
amount of oxygen produced was estimated from
carbon sequestration based on atomic weights.
Forest absorbs 264 g CO2 for the production of
162 g dry material. In other words, it needs 1.63 g
CO2 and releases 1.2 g oxygen to form 1 g dry
material. Carbon was converted to CO2 equivalents
by multiplying by 44/12 (Guo et al., 2001; Asan,
2002; Nowak et al., 2007; Keles et al., 2007).
The unit monetary value of oxygen per tonne was
estimated to be US $24.93, which changes with
market conditions. This is an average value of


































oxygen unit production costs in tubes suggested by
various oxygen production firms in Turkey. In
another study, Guo et al. (2001) stated that the
economic value of oxygen is about US $45.5 t1.
Model development
Two forest management planning approaches were
taken into consideration: classical timber manage-
ment and multipurpose management approaches.
Different combinations of forest management activ-
ities were considered in developing LP-based models
in both approaches.
Classical timber management approach. There are a
few typical management prescriptions under the
classical timber production approach, with some
exceptions. These are listed as follows:
. The objective of the approach is to maximize
total NPV of timber, carbon and oxygen values
for all areas except for the protected areas,
which are determined as the areas of Verbascum
gracilescens, an endangered species, areas with a
slope over 80%, Pinus pinea L. gene protection
areas, open spaces of existing forests in alpine
zones and the recreation areas for the tradi-
tional bull wrestling festival (Yolasigmaz, 2004).
. The minimum cutting ages for each species are
determined as:
 Picea orientalis and Abies nordmanniana: 90
years for good sites and 100 years for other
sites
 Fagus orientalis: 100 years for good sites and
120 years for other sites
 Pinus sylvestris: 80 years for good sites and
100 years for other sites.
. Forest openings except for alpine zones may be
reforested in any period.
. All subcompartments must be cut exactly once
over a planning horizon when they reach the
minimum cutting age.
. Stands not yet harvested are candidates for
intermediate treatments such as commercial
thinning as soon as they reach the threshold
value for thinning.
Multipurpose management approach. In this approach,
management strategies are developed to maximize
the total NPVof timber, carbon and oxygen values in
addition to the conservation of forests and produc-
tion of various other forest values. The threshold
values for the research area were suggested by
Yolasigmaz (2004). Here, six management interven-
tions or prescriptions are identified.
1. Do nothing in sensitive ecosystems of V. graci-
lescens and conservation areas (approximately
706.31 ha).
2. (a) Partial management with light silviculture
(recreation areas, 61.67 ha).
(b) Moderate management (buffers around ri-
parian areas and forest roads, and areas
under social pressure by the local commu-
nity, 1082.11 ha).
(c) A special version of uneven-aged manage-
ment:
 Picea orientalis and Abies nordmanniana-
dominated stands: after harvesting a mini-
mum of 400 m3 ha1 for poor sites and
450 m3 ha1 for good and medium sites
must be maintained as residual volume;
timber production forest (sensitive areas
to erosion): minimum cutting age 180
years
 Fagus orientalis-dominated stands: after
harvesting a minimum of 300 m3 ha1
for poor sites and 350 m3 ha1 for good
and medium sites must be maintained as
residual volume; timber production forest
(sensitive areas to erosion): minimum
cutting age 180 years.
 Pinus sylvestris-dominated stands: mini-
mum cutting age 250 years; timber pro-
duction forest (sensitive areas to erosion):
minimum cutting age 180 years.
(d) In this management alternative, there
is also a ‘‘no management intervention’’
option. However, forest openings must be
reforested in the first planning period.
3. Do nothing in forest openings within the alpine
zones (67.30 ha).
4. Timber management with the maximum level
of wood production (1510.56 ha).
5. Adaptive management in erosion-sensitive
areas, with slope ranges of 5880% (739.823
ha). This management intervention is the same
as management intervention 3, with the excep-
tion that forest openings may be reforested in
any planning period.
Approximately 80% of the case study area is forest
and the areas that are strictly protected are about
13.65%, of which 17% is in forest areas. The
protected areas, including areas with steep slope as
well as gene protection areas, relate to sensitive
ecosystems. Conservation areas in which light silvi-
cultural interventions will be carried out comprise
about 35% of all areas. These areas are sensitive to
erosion and constitute habitats for some wildlife
species. In particular, riparian buffers are important
habitat areas for wildlife such as birds and mammals.


































Linear programming-based model for both approaches
In preparing forest management planning models for
both approaches, an LP technique with a model I
harvest scheduling concept was used for ease of
understanding (Johnson & Scheurman, 1977).
There were also some management activities and
assumptions for both planning approaches that were
provided as follows:
. The planning horizon is 100 years and the
planning period 10 years.
. Timber, carbon and oxygen values, and other
stand characteristics are calculated at subcom-
partment level.
. Stands whose crown closure is 1140% cannot
be thinned, but can be regenerated.
. No silvicultural actions are prescribed for cop-
pice forest, yet their development is simulated
with annual increment.
. Regeneration is assumed to follow immediately
after harvesting.
. Regenerated areas are assumed to develop
according to empirical yield tables.
. Growth and yield projection of actual stands is
forecast according to typical simulation of
growth potentials of stands owing to the un-
availability of growth and yield models.
. All stand parameters and forest values are
calculated at the midpoint of each period.
. Even flow of timber production, no deviation
tolerated between two subsequent periods and
management policy in association with ending
inventory constraint are applied to both man-
agement approaches.
Given the above assumptions and regulations, the
management objective is to maximize total NPV of
timber, carbon and oxygen values subject to even
flow of timber production among periods and ending
inventory constraint for both multipurpose manage-
ment and classical timber management approaches.
However, the model enables various management
objectives. For example, an objective function may
be the maximization of carbon stored in forest
ecosystem or oxygen production with respect to the
NPV or the amount of these forest values. In
addition, the forest values of timber and oxygen
production, and net carbon sequestration may be
treated in the model as constraints. Such advantages
of the model are left to the preferences and priorities
of decision makers. Here, the modelling exercise
focuses on the understanding of forest dynamics
through comparisons of model results from two
forest management approaches with various silvicul-
tural prescriptions, taking into consideration wood
production objectives and environmental/ecological
regulations in priority. The LP model of the forest
planning problem:
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where objective function Z is the sum of the cumu-
lative NPV of three forest products (timber, carbon
and oxygen) in eq. (2). Equation (3) is an accounting
variable estimating the NPVs of each forest output.
The volume control equations (eqs 4 and 5) impose
a strict even flow of timber volume harvested in each
of the T cutting periods considered. Equation (6)
measures the sequestration of net carbon in the
generic tth cutting period, expressing the difference
in timber volume between consecutive periods
(growth of timber biomass) plus harvest minus
carbon emissions for each period. Equation (8)
measures net oxygen release for each period accord-
ing to net carbon sequestration. Equations (7) and
(9) are accounting variables used to estimate cumu-
lative net carbon sequestration and oxygen produc-
tion at the end of the planning horizon, respectively.
Equation (10) is ending inventory constraint (the
same as the amount before the first planning period),
and eq. (11) is area constraint.
Here, t  {1, . . ., T}, where T is the number of
planning periods, I is the number of stands, J is the


































number of alternative silvicultural regimes including
thinning, clear-cutting and do nothing treatments,
npvij
x is NPV of the relating forest output per hectare
harvested from ith stand at jth silvicultural regime, x
is a variable that means one of timber, carbon and
oxygen values, xij is the area of stand i treated
according to regime j, Ht is the volume harvested
at the tth period, NCt is net carbon sequestration (t)
at the tth period, V t is timber volume (m3) of forest
inventory at the end of the tth period, CEt is the
carbon emission during period t, g is the proportion
of carbon contained in timber biomass (0.45), NOt is
the net oxygen production at the tth period, CNC
and CNO are the amount of cumulative net carbon
sequestration and oxygen production, VijH is the
volume per hectare of timber left as ending inventory
in stand i under regime j, EI is the level of ending
inventory required, and Ai is the area of stand i.
Results
Model outputs, associated with both forest manage-
ment approaches, include the corresponding eco-
nomic values of three forest ecosystem values in
addition to the amounts of timber and oxygen
produced and carbon sequestered. Regenerated
areas, age class structure of the forest at the end of
the planning horizon and standing timber volumes
over time are also presented to illustrate the differ-
ences among the management alternatives.
Evaluating timber harvest volumes
In timber management, more timber was produced
than that in multipurpose management, 152,668 m3
of wood in each period compared with 87,241 m3
(Table I). The timber management approach pro-
duced almost twice as much timber volume from
clear-cutting as multipurpose management. One
explanation is that in multipurpose management
the amount of clear-cut harvest volume is reduced
to protect the sensitive ecosystems, sensitive areas to
erosion, forest openings within the alpine zones,
riparian areas and areas of social conflict. As a result,
multipurpose management focused significantly on
thinning activity, a necessary tool for light silvicul-
ture used in modified uneven-aged management
system for forest ecosystems. The regenerated areas
were higher for timber management than for multi-
purpose management over the entire planning hor-
izon (Figure 3). In addition, all forest openings (98
ha) were reforested in both management approaches
in the first period.
Carbon sequestration and oxygen production
Multipurpose management sequestered more car-
bon and also produced more oxygen than timber
management did (Figures 4 and 5). When carbon
emissions from wood products were included in
forest management planning models, a high level of
carbon sequestered in multipurpose management is
expected. Because of older stands and longer rota-
tion lengths in multipurpose management compared
with timber management, it is possible to sequester
more carbon. Even though multipurpose manage-
ment had lower timber growth rates than timber
management among periods, the low number of
manufactured wood products caused low release of
carbon emissions to the atmosphere.
In the timber management approach, more carbon
was sequestered than in multipurpose management
when carbon emissions from wood products were
not included in the model (Table II). As mentioned
previously, carbon sequestration and oxygen produc-
tion of forest ecosystems are related to timber and
Table I. Estimated timber harvest volumes produced by two forest planning approaches.
Thinning harvest (1000 m3) Clear-cut harvest (1000 m3) Total timber production (1000 m3)
Perioda TM MPM TM MPM TM MPM
1 36.0 21.3 116.7 65.9 152.7 87.2
2 31.0 18.4 121.6 68.9 152.7 87.2
3 25.9 15.6 126.7 71.6 152.7 87.2
4 27.4 17.8 125.2 69.4 152.7 87.2
5 30.3 19.1 122.4 68.2 152.7 87.2
6 33.0 20.8 119.7 66.4 152.7 87.2
7 37.2 22.2 115.5 65.0 152.7 87.2
8 43.4 25.9 109.3 61.4 152.7 87.2
9 49.5 29.9 103.2 57.4 152.7 87.2
10 53.5 34.3 99.1 52.9 152.7 87.2
Total 367.2 225.3 1159.4 647.1 1527 872
Note: a10 year periods.
TMtimber management; MPMmultipurpose management.


































biomass growth rates of forest ecosystems. Accord-
ing to model solutions, timber growth of forests in
timber management was greater than that in multi-
purpose management, since the timber growth rate
of stands starts to decrease just after the rotation age.
As more areas were left for conservation, multi-
purpose management created older stands than
timber management at the end of the planning
horizon (Figure 6). Furthermore, timber manage-
ment had more young stands than multipurpose
management because of larger regenerated areas for
producing high levels of timber. As a result, timber
growth rates of forests in timber management were
continuously higher than in multipurpose manage-
ment. The fast renewal of forest at a higher growth
rate in timber management would be critical in
carbon balance when a method is developed to store





































Figure 4. Net carbon sequestration per 10 year period of forest management approaches over time.


































Total NPVs of forest values
The NPV of timber production was US $6.54
million in timber management at the end of the
planning horizon, while multipurpose management
produced US $3.79 million timber NPV (Table III).
The apparent reduction in NPV in multipurpose
management resulted from the smaller amount of
timber harvest. However, timber management re-
sulted in more regeneration areas than multipurpose
management, 2369 and 1307 ha, respectively. As a
result, environmental and ecological constraints
reduced the NPV of timber by 42% in multipurpose
management compared with timber management.
Multipurpose management provided the largest
NPV of carbon and oxygen, while timber manage-
ment generated the largest NPV of timber (Table
III), due mainly to the introduction of carbon
emission of wood products in timber management
and the environmental and ecological restrictions in
multipurpose management. The results showed that
timber management and multipurpose management
provided almost the same total NPV (only a 1.9%
reduction in multipurpose management) when all
including forest values.
Growing stock and age class structure
Standing timber volumes or growing stock and age
class structure over time are important forest per-
formance indicators in analysing the effects of forest
management practices on forest ecosystem structure
and its values. The performance of growing stock of
both forest management approaches over the plan-


















Figure 5. Net oxygen production per 10 year period of forest management approaches over time.
Table II. Estimated carbon (C) sequestration and emissions of forest management approaches over time.
C sequestration (1000 t) C emissions (1000 t)
Perioda TM MPM TM MPM
1 16.7 16.7 23.5 13.1
2 39.3 38.1 33.2 18.8
3 54.6 48.3 37.5 21.4
4 65.4 53.4 45.5 26.0
5 65.8 52.6 47.3 27.1
6 67.0 52.1 49.2 28.3
7 67.3 51.3 48.3 27.2
8 68.7 51.6 48.9 27.8
9 66.2 49.9 48.6 27.9
10 63.3 48.9 47.2 27.1
Total 574.3 462.9 429.2 244.7
Note: a10 year periods.
TMtimber management; MPMmultipurpose management.


































timber volumes of the multipurpose management
approach were greater than those of timber manage-
ment at the end of the planning horizon, 1,446,545
and 1,085,025 m3, respectively. This result showed
that the protection of forest ecosystems played an
important role in carbon and oxygen values.
The timber management approach consists of
stands much younger than 100 years at the end of
the planning horizon (Figure 7). In this approach,
most of the stands except for some protected areas
were harvested when they reached the minimum
cutting age, to increase timber production and its
value. In contrast, the multipurpose management
approach left stands that were older than 100 years.
The total area of stands over 100 years for timber
management and multipurpose management was
323 and 1293 ha, respectively. In multipurpose
management, because of more protection and con-
servation areas, some of the potentially harvestable
stands were not harvested, but thinned. As a result,
these unharvested stands were allowed to age over
the planning horizon to serve or present various
forest values to the society, or to allow the stability























Figure 6. Standing timber volumes of forest management approaches over time.







Total NPV from three values
($1000)
Perioda TM MPM TM MPM TM MPM TM MPM
1 1759.2 1007.7 116.5 62.0 389.5 207.1 1253.2 1276.7
2 1325.9 767.2 77.6 248.1 259.2 828.8 1662.7 1844.0
3 1026.2 598.3 163.5 257.3 546.4 859.6 1736.1 1715.1
4 738.8 411.2 141.0 195.2 471.1 652.1 1350.9 1258.5
5 536.2 318.9 98.1 135.0 327.7 451.2 962.0 905.2
6 404.1 226.3 70.0 93.8 233.8 313.3 707.9 633.3
7 277.1 168.8 55.6 70.5 185.9 235.7 518.7 475.0
8 204.0 125.8 43.1 51.7 144.1 172.8 391.1 350.4
9 154.5 94.1 28.6 35.7 95.6 119.4 278.7 249.2
10 120.2 69.9 19.3 26.2 64.6 87.6 204.1 183.7
Total 6546.2 3788.2 580.2 1175.5 1938.9 3927.6 9065.4 8891.1
Note: a10 year periods.
TMtimber management; MPMmultipurpose management.



































Forest management has evolved from a relatively
classical timber production approach to multipur-
pose management to reconcile various conflicting
demands between timber and non-timber resources.
Forest management planning today faces fundamen-
tal challenges to accommodate the preservation of
biodiversity, meet international contracts, and satisfy
public and industry demands such as recreation,
wood and oxygen production. A prerequisite to
produce appropriate solutions that are acceptable
to all stakeholders is the inclusion of sustainable
forest management practices that take into account
ecological, economical and sociocultural values holi-
stically.
In this study, three forest ecosystem values (wood,
carbon and oxygen) were successfully incorporated
into the forest management planning process with
classical timber production and multipurpose man-
agement approaches in mind. To compare two
management approaches with regard to ecological
and economical considerations, a forest manage-
ment strategy was designed to use an LP-based
forest planning model including the maximization of
the total NPV of timber, carbon and oxygen values
subject to even flow of timber production in succes-
sive periods and ending inventory constraint. The
LP-based forest management model developed here
can incorporate various planning strategies including
different management objectives and constraints.
The model also has the potential to enable the forest
managers to reach the following objectives and
outputs:
. Each forest ecosystem value as well as three
values together can be separately incorporated
in objective functions; thus, alternative forest
management strategies can easily be developed.
. Various forest values can be represented in an
analytical LP model; while one forest value is in
the objective function, the others are treated as
constraints. Carbon sequestration and oxygen
production values of forest may be kept at
desired levels according to the level of public
demand or environmental laws.
. It is possible to control the ending age class
distribution by various allowable cutting rates.
. The age class structure in any period may be
adjusted and controlled for various demands
such as protection of old growth forests.
. It is possible to control total volumes of wood
products in successive periods by various allow-
able cutting rates.
. The model enables decision makers to assess
the trade-offs among forest values by both the
NPV and the absolute amounts.
This study showed that ecological and environ-
mental regulations decreased the total amount and
NPV of timber production of forests, as expected.
Environmental and ecological constraints reduced
the NPV of timber by 42% in multipurpose manage-
ment compared with timber management. Similar
results can be seen in other studies. For example, Eid
et al. (2001) showed that a silvicultural regime with a
medium intensity of the environmentally orientated
constraints reduced the NPVs by 820%. Eid et al.
















Figure 7. Age class distribution of the two management approaches at the end of the planning horizon.


































21.5% when environmental constraints including
area target for old forest, retention of trees at final
felling and restricted management for border zone
areas were added to LP-based forest management.
Zhou and Gong (2004) showed that environmental
constraints reduced the NPV of timber production
by as much as 55%. However, the present study also
showed that total NPV from all forest values includ-
ing carbon, timber and oxygen was almost the same
in both forest management approaches. According
to these results, although it can be shown that the
timber production approach is more worthwhile
from a timber production viewpoint, the multi-
purpose management approach provided better
results in the context of NPV of carbon sequestration
and oxygen production outputs. All these studies
clearly state that it is important to focus on financial
analysis with the inclusion of other forest values as
well as carbon, oxygen and timber in forest manage-
ment planning. Further, when the financial values of
other forest values such as soil protection, biodiver-
sity conservation and water production are consid-
ered, the multipurpose forest management approach
would possibly generate better results.
Long-term protection of mature and secondary
forests managed for timber production has positive
effects on the net flow of atmospheric CO2 seques-
tered in successive periods plus a positive effect on
other ecosystem services such as biodiversity, carbon
sequestration and oxygen production. The preserva-
tion of biological diversity and the maintenance of
other ecosystems which are included in multipur-
pose forest management are other important ways to
minimize atmospheric CO2 (Huston & Marland,
2003). However, the fast renewal of forest at a higher
growth rate in the timber management approach
would be critical in carbon balance when a method is
developed to store carbon longer in any wood
products. In this study, the multipurpose manage-
ment approach gave better results in the context of
net carbon sequestration and oxygen production.
Ecological, environmental and adaptive silvicultural
regulations caused an increase in carbon sequestra-
tion and oxygen production, and a decrease in
timber production values. Hoen and Solberg
(1994) showed that the NPV of costs and income
decreased by 8.114.9% when carbon benefit was
maximized instead of profit. Diaz-Balteiro and
Romero (2003a) found reductions in NPV when
carbon sequestered by forest ecosystems was incor-
porated into forest management optimization mod-
els. Raymer et al. (2005) showed that the NPV of
timber revenue decreased as the constraint on
carbon benefit increased. The maximum increase
in NPV of carbon benefit decreased the NPV of
timber revenue by 3994%. Backéus et al (2005)
showed that an increase in carbon storage reduced
the NPVof the harvest, due mainly to a lower harvest
level. They also state that in a typical boreal forest in
Sweden, harvesting ceased after a carbon price of
about SEK 1200 t1. Keles and Baskent (2007) and
Keles et al. (2007) also found that increased net
carbon sequestration can be attained at a significant
cost in terms of forgone timber harvest and financial
returns.
The NPV of timber revenue decreased gradually
as the restriction on minimum level of carbon
objective increased. Even though reforestation of
forest openings has negative effects on the NPV of
timber over a planning horizon, it provided high
biomass and carbon storage over the planning
horizon. These results showed that the multipurpose
management approach in forest management plan-
ning restricts economical considerations of timber
when forest ecosystems and their functions/values
are considered holistically with a higher priority.
The multipurpose planning approach created
much older stands than the classical timber manage-
ment approach because of more restrictive regula-
tions such as biological diversity, riparian areas and
erosion imposed in the model. This also meant that
increasing minimum cutting ages (and rotation
lengths) led to increases in carbon sequestration
and oxygen production in multipurpose forest man-
agement. Liski et al. (2001) concluded that regulat-
ing the rotation length of tree stands is an effective
way to manage the carbon budget of forests and that
longer rotation lengths would be favourable to
carbon sequestration. In another study correspond-
ing to the rotation length effects on carbon seques-
tration of some European forest ecosystems,
Kaipainen et al. (2004) predicted that the carbon
stock of trees will increase when their rotation
lengths are increased. Seely at al. (2002) also showed
that total ecosystem carbon in a boreal forest
ecosystem increased with rotation length regardless
of species, and this was attributable largely to
changes in the live biomass pool.
This present study considered three important
appealing forest values, such as carbon, timber and
oxygen benefits. However, forest produces a number
of other commodities and services, such as preserva-
tion of soil, production of water and creation of
recreational opportunities. As such, the forest eco-
system values should likewise be incorporated into
the forest management planning process with quan-
titative methods to realize the sustainable forest
management initiatives. The vitality of multipurpose
management by the NPV from all ecosystem values
may be seen in this research. Furthermore, under-
standing forest dynamics is a prerequisite if we are to
develop good forest management practices that


































include all non-wood products and services. There
are, however, always some conflicts among various
forest goods and services. The interactions among
forest values are complementary (e.g. water and
timber production) as well as contradictory (e.g.
timber production and soil erosion), depending on
the relationships between a forest value and stand
structure. So, wood and non-wood products as well
as services should be explicitly incorporated into a
forest management planning process because multi-
ple-use forest management requires that forest
ecosystems be managed to generate an optimal mix
of forest goods and services.
Mathematical optimization techniques such as LP
generate an optimum harvest schedule among var-
ious decision alternatives. LP also provides a great
opportunity to see and evaluate the trade-offs among
the forest values using sensitivity or economic
analysis procedures. In this respect, for instance,
various discount rates may be used by decision
makers to assess their effects on total production
and the total NPV of forest values. The valuation of
forest values such as carbon and oxygen in addition
to timber, in this study, is critical in developing a
sustainable forest management plan. The unit mone-
tary value of oxygen here may not be exactly
representative of actual use, so more accurate
assessment of such values should be sought in future
studies. The study showed that the model output is
sensitive to unit carbon value, where it has a great
effect on the economic evaluation of outputs from
both management approaches. While many details of
forest dynamics can be conducted using a sensitivity
analysis procedure, the analysis was kept to mini-
mum coverage owing mainly to the volume of the
paper; the details of sensitivity analysis will be
examined in future studies.
Furthermore, the carbon and oxygen values of
forest ecosystems were calculated for two categories,
i.e. coniferous and broadleaved species. The values
should also be calculated for each species and for
each different forest site for more accurate assess-
ment, and then incorporated into the forest manage-
ment planning process. Similarly, decomposition
rates of roots, stumps, barks and harvest residues
should be modelled in relation to time, species,
climate and site conditions. The amount of soil
carbon in the forest, litter and understorey is also
necessary to estimate the total carbon balance in
forest ecosystems more accurately. The carbon pool
in soil is more than five times larger than biomass in
the boreal forest (IPCC, 2000). Most of these
important parameters were excluded from the
model, mainly because of the lack of a sound
database that could easily be incorporated in the
model. The inclusion of soil carbon in this problem
would definitely strengthen the carbon sequestration
value of the forest, if soil carbon storage increases for
low harvest levels.
In conclusion, developing forest management
planning models based on planning techniques
such as LP, such as the model developed here, is
extremely important in forestry and the sustainable
use of forest ecosystems, particularly in Turkey.
Since the traditional forest management philosophy
has already faded away, a multipurpose forest
management philosophy is flourishing, requiring
the active use of decision-making tools. The quanti-
tative models also encourage forest managers and
decision makers to solve more complex forest
management problems, including ecological, eco-
nomical and social concerns such as conservation of
biodiversity, production of water and soil, creation of
recreational opportunities and providing habitat for
wildlife, in addition to the incorporation of spatial
configurations of forest ecosystems into the con-
temporary management planning process.
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Yayinlari. (In Turkish.)
Anon. (2000). General Declarations and Resolutions, adopted at
the Ministerial Conferences on the Protection of Forests in
Europe, Strasbourg 1990, Helsinki 1993, Lisbon 1998.
Liaison Unit Vienna, Austria.
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Backéus, S., Wikström, P. & Lämås, T. (2005). A model for
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